Abstract: Symmetrical temperature difference also known as the sap flow index (SFI) forms the basis of the Heat Field Deformation sap flow measurement and is simultaneously collected whilst measuring the sap flow. SFI can also be measured by any sap flow method applying internal continuous heating through the additional installation of an axial differential thermocouple equidistantly around a heater. In earlier research on apple trees SFI was found to be an informative parameter for tree physiological studies, namely for assessing the contribution of stem water storage to daily transpiration. The studies presented in this work are based on the comparative monitoring of SFI and diameter in stems of different species (Pseudotsuga menziesii, Picea omorika, Pinus sylvestris) and tree sizes. The ability of SFI to follow the patterns of daily stem water storage use was empirically confirmed by our data. Additionally, as the HFD multipointsensors can measure sap flow at several stem sapwood depths, their use allowed to analyze the use of stored water in different xylem layers through SFI records. Radial and circumferential monitoring of SFI on large cork oak trees provided insight into the relative magnitude and timing of the contribution of water stored in different sapwood layers or stem sectors to transpiration.
INTRODUCTION
Sap flow methodology is widely used in plant physiological, ecological and hydrological studies (Cermak et al., 1982; Granier et al., 1994; Hatton et al., 1990) . Several sap flow methods were originally developed to measure high flows to understand the hydrological behavior of trees, stands and catchments (Cermak et al., 1973; Granier, 1985; Green and Clothier, 1988; Kučera et al., 1977) . Later on, the comprehension of the relevance of low and bidirectional flow measurements for plant survival was revealed and new sap flow methods appeared (Burgess et al., 2001; Nadezhdina et al., 1998) . Gradual improvement of physiological methodology is important for the understanding of interactions between vegetation and hydrology.
Besides direct sap flow measurements, also raw symmetrical temperature difference (dT sym -so called sap flow index, SFI) proved to be valuable for physiological studies, namely as a water stress indicator (Nadezhdina, 1988 (Nadezhdina, , 1999 . SFI is measured by two thermometers (differential thermocouples or thermistors) inserted in sapwood equidistantly in the axial direction in relation to a heater. During cloudless days, SFI showed an 'unusual' pattern (Nadezhdina, 1999) with two daily maxima, one in the morning and another in the evening, with a midday depression in between (McDonalds pattern). In earlier long-term research on apple trees (Nadezhdina, 1988 (Nadezhdina, , 1999 , the midday SFI values (SFI d ) showed a rather stable low threshold value over the growing season, whereas the night or predawn values (SFI p ) varied widely, being usually low in wet days and high in dry days. Beyond, the period between the morning and evening SFI maxima provides complementary information on tree water status, increasing with drought. The ratio of predawn to midday SFI values (SFI ratio = SFI p / SFI d ) was found to be a sensitive indicator of plant water status, and hence was successfully used in the automatic control of irrigation of an apple orchard (Nadezhdina, 1988 (Nadezhdina, , 1989 (Nadezhdina, , 1999 . López-Bernal et al. (2010) and Ballester et al. (2013) based on experiments on olive and citrus trees, respectively, suggested that the proportion of nocturnal to diurnal sap flow (N/D index) might also be used as a sensitive tree water status indicator. However, the SFI ratio seems to be more sensitive than the N/D index (Nadezhdina, 2000) . SFI could be measured by any sap flow method applying internal continuous heating by the additional installation of the axial differential thermocouple equidistantly around a heater. However, the easiest solution is the application of the HFD methodology, where SFI is part of raw data records (Fig. 1) .
Another important but not well known feature of the SFI is its empirical relationship with daily stem diameter (D) fluctuations which was observed for the first time in apple trees (Nadezhdina, 1988 (Nadezhdina, , 2009 . A direct proportionality between SFI and D was found during daily stem shrinkage and an inverse proportionality during night refilling. The time interval between the two SFI maxima characterizes the period during which stem tissues dehydrate, due to the use of internal water storage through transpiration. The modelling of the contribution of the stem water reserves to plant water use (transpiration), according to Katerji and Hallaire (1984) , also showed that water storage use occurred during the period of SFI daily depression, i.e., between its two daily maxima (Nadezhdina, 1992) . Nadezhdina (1992) reported, for the first time, the possibility of using SFI to assess the relative contribution of stem water storage to daily transpiration without needing stem diameter measurements. During a period of increasing drought, Nadezhdina (1992) found that the time interval between daily SFI maxima and the daily depletion in SFI also increased, allowing the timing and the relative use of stem water storage to be assessed through SFI monitoring (Fig. 2) . This direct correlation between the use of stem water storage and SFI has significant practical implications since SFI measurements are much simpler to perform than stem diameter measurements. Furthermore, the ability to measure SFI at several depths, radially across the sapwood using multipoint Heat Field Deformation (HFD) sensors , may reveal the contribution of water stored in different xylem layers and stem sectors to the overall daily water use.
Given the performance of the SFI in studying the water relations in apple trees (though empirical) we hypothesized that it might also be valuable to assess the relevance of stem water storage to water use in other species. We aimed to: (1) demonstrate the ability of SFI to follow the patterns of daily stem water storage use in different species and tree sizes and (2) demonstrate how the use of water storage may vary radially and circumferentially in tree stems.
MATERIALS AND METHODS Experimental sites and plant material
Data reported in this study refer to research carried out at different sites on coniferous and broadleaved species: a Douglas fir tree (Pseudotsuga menziesii) at the Wind River experimental site (45°49'N, 121°57'W), Washington, USA; a Scots pine tree (Pinus sylvestris L.) at the Hyytiälä station (61°51'N, 24°17'E), southern Finland; a Spruce tree (Picea omorika) in Obora (49°27'N, 16°36'E), Czech Republic; and two cork oak trees (Quercus suber L.) nearby Lisbon (38º50'N, 8º49'W), Portugal. Biometric data of these trees and site characteristics (soil type and climatic features) are given in Table 1 .
Sap flow measurements
Sap flow was measured by the Heat Field deformation (HFD) method in all trees except in the Douglas fir, where the Tissue Heat Balance (THB) method (Čermák et al., 1973; Kučera et al., 1977) was used.
The Heat Field Deformation technique was deployed using instruments with multipoint needles that were configured with measurement points at different spacing. This optimized the spatial resolution radially across the actively conducting xylem for each species. In Scots pine (Finland) six-point needles with 6 mm spacing were used; in cork oaks (Portugal) six-point needles with 8 mm spacing (Dendronet, Brno, Czech Republic); and in Spruce (Czech Republic) eight-point needles with 10 mm spacing (HFD8, ICT International Pty Ltd Armidale Australia). Considering that in this paper we aim to analyze the qualitative sap flow changes and its dynamics compared to those of SFI, sap flow per section, SFS, was directly used without further conversion to sap flow density to which it is directly proportional. Katerji and Hallaire (1984) ) and period between daily SFI maxima correspond well to each other. Dashed vertical lines limit the period of water consumption from stem storage, which increases with evaporative demand. The thick horizontal line, indicating the period of stem water use in the first day, is also plotted in the other two days to evidence the increase in stem water consumption as drought progresses. In the extremely hot day, shown in the last graph, the evening SFI maximum was not recorded till the end of the day. (Adapted from Nadezhdina (1992) The HFD sensors were installed at a height of 24 m on the eastern side of the Scots pine; at breast height (1.3 m) on the SW side of cork oak 1 and on the SE and the NW sides of cork oak 2; at 0.5 m height across the whole stem from western to eastern sides of spruce tree.
The THB method used five stainless steel 25 × 1 mm rectangular electrodes that were inserted in parallel at 20 mm distances into the sapwood. Sensors were installed in 4 cardinal points at heights of 4 m and at 46 m sensors on two sides: southern and northern. The THB sap flow principle and measurements in Douglas fir are described in detail in Čermák et al. (2007) .
Sap flow index measurements
The Sap Flow Index (SFI) was measured using the axial pair of differential thermocouples, arranged symmetrically in relation to a linear heater, inserted in the tree stem (Nadezhdina, 1998) . This data forms the basis of the Heat Field Deformation sap flow measurements and was simultaneously collected by the HFD sensors whilst measuring the sap flow (see Fig. 1 ). Aiming to obtain SFI records from the THB method, the additional symmetrical pair of thermocouples was inserted 10 mm above and below the central electrode of the THB sensor into a depth of 15 mm below cambium.
Stem diameter measurements
Different methods were used to measure fluctuations in stem diameter (D).
In the Douglas fir tree, stem diameter was measured at the top (46 m, W) and base (4 m, S) of tree stem with a temperature compensated electronic radial dendrometer (DR-01, EMS Brno, Czech Republic). The bark was removed and smoothed to a distance about 1 mm from the bark cambium and phloem. A steel radial rod was inserted through a 7 mm diameter hole and screwed tightly into the heartwood. A magnetic sensor (Diana Inc., U.K.) was fastened to the rod. The sensitive point of the sensor was in direct contact with a smooth bark surface. The dendrometers were insulated and shielded similarly as the sap flow sensors. Stem diameter measurements for the Douglas-fir trees are described in detail in Čermák et al. (2007) .
In the Scots pine tree, stem diameter was measured close to tree crown (24 m height) on the eastern stem side of the xylem surface, using linear variable displacement transducers (LVDT, model AX/5.0/S, Solartron Inc., Bognor Regis, U.K) attached to a rectangular metal frame mounted around the stem as performed by Perämäki et al. (2001) and Sevanto et al. (2002) . The thermal expansions of wood and frame were taken into account.
Data were collected with a frequency of 2/min.
In the Spruce tree, stem diameter was measured using the DEN5 Radial Arm Differential Dendrometer (ICT International Pty Ltd Armidale Australia). The DEN5 is a standalone logging dendrometer that uses two DVRT's, one positioned on a small exposed section of xylem and the other to a smoothed area of bark surface. Both are attached to a radial arm that is securely screwed into the heart wood of the tree via a 3 mm diameter hole drilled into the tree. The radial arm rod and mounting bracket are made from Invar a nickel-iron alloy with a low (1.2x10 -6 ) coefficient of thermal expansion (α) designed to minimize the impact of ambient thermal fluctuations. The DEN5 was installed on the northern side of the tree.
In the Douglas fir, Scots pine and Spruce trees, Sap Flow Index (SFI) and daily micro-variations in stem diameter were simultaneously measured either at the same tree height (spruce, Douglas fir) but at different stem sides or at the same side of tree with axial difference between SFI and D sensors around 30 cm (pine).
Stem diameter was not recorded in cork oak trees.
RESULTS AND DISCUSSION Douglas fir tree
Concurrent measurements of SFI and stem diameter (D), close to the crown, in the studied giant Douglas fir tree showed that the maximum SFI in the morning was synchronized with the maximum daily D (Fig. 3) . After the peak, both SFI and D decreased. A 15 min lag was observed between the SFI maxima on the Southern and Northern sides of the tree (earlier on the Southern side). The daily SFI depletion was similar on the opposite sides, but predawn SFI was higher on the Southern side. Thus, the SFI ratio was higher on the Southern side of the trunk than on the Northern side, indicating higher tissue water deficit due to storage depletion in the Southern side. The decrease in the use of stored water in late afternoon (around 19:00 hours) was evidenced by the increase in SFI and D. The second daily SFI maximum was reached around midnight.
Stem diameter fluctuations at a height of 4 m were simultaneously measured with SFI at 4 different azimuths (cardinal directions). The morning increase of SFI occurred almost at the same time (at 8:15) on the Southern and Eastern sides of the tree, but half hour later on the Northern and Western sides (at 8:45) (Fig. 4) . The morning SFI maximum measured at a height of 4 m lagged one hour behind that at the height of 46 m on the same side of the tree (at 7:15), indicating that the use of stored water in the sapwood of the tree is delayed at lower heights, or stratified within the tree. Čermák et al. (2007) The evening SFI maxima were well defined at 4 m height, occurring about one hour and a half later at the Southern and Eastern sides, compared to the Northern and Western sides of the tree. Althougth daily SFI values were similar in all four sides of the tree at 4 m height, the predawn to midday SFI ratio was higher at the Southern and Eastern sides due to the higher night values. Results show that, at 4 m height, the use of water stored in the sapwood was larger at the Southern and Eastern sides than at the Western and Northern sides (larger period of daily SFI depletion and higher SFI ratio). These differences could not have been detected from stem diameter fluctuations alone. The comparison between SFI parameters (SFI ratio, period between daily maxima) at two tree heights shows lower water deficit and relative use of water stored in the xylem at 4 m than at 46 m. Čermák et al. (2007) also reported that the upper part of the stem was subject to much greater desiccation than the lower part of the studied tree. Sevanto et al. (2008) demonstrated that the simultaneous measurement of sap flow and diameter variation significantly increases the amount of information on water flow dynamics in stems, compared to what could be obtained by either method alone. This is evidenced in our study by the observed daily loops in the relation between diameter and SFI ( Figure 5 ). The nighttime period of the loop gives information about stem growth and storage refilling from root uptake (black arrow), and the daytime period (grey arrows between morning and evening SFI maxima) indicates storage water use. The morning SFI maximum, due to its sharp and narrow habit, is especially convenient for the determination and characterization of separate growth periods (days, weeks, months etc. -see Fig. 4 ). This SFI chain diagram during the growing season gives unique, clear Relationship between SFI (mean for sides E and W) and diameter of tree stem of Douglas fir at height of 4 m for several days of the observed period in August 1996. Each day is characterized by its specific "8-shape" curve, depending on environmental conditions. Full grey arrows correspond to the period of storage consumption during the day. Black arrow indicates the nighttime refilling period, due to root absorption, occurring after late evening (when storage use stopped). During the night both growth and tissue rehydration take place. Daily storage consumption can be evaluated independently from stem growth. Stem growth for the certain period is evaluated as a difference in diameter between the morning SFI maxima of corresponding days. information about tree water status and growth. It facilitates the analysis and interpretation of seasonal increment chronologies, allows the separation of the water-related from the growthrelated components of stem diameter changes, and improves knowledge on the relations between growth, plant physiology and ecohydrology (Ježík et al., 2007 (Ježík et al., , 2011 (Ježík et al., , 2014 Vieira et al., 2013; Wang et al., 2012; Zweifel et al., 2006) . The daily storage loops and the night growth/refilling curves dynamically differ during the growing season, likely reflecting changes in evaporative demand and soil moisture conditions. Larger loops correspond to dryer conditions, when the diameter decreases and the daily amplitude of diameter variation increases (Offenthaler et al., 2001; Sevanto et al., 2005) . Previous studies suggested three general patterns related to dimensional changes of stem diameter in trees -(1) growth, (2) a mixture of growth and tissue rehydration, (3) only tissue rehydration (Hinckley and Bruckerhoff, 1975; Lassoie, 1979 In order to analyze the influence of evaporative demand on the behavior of SFI and D, two days with different climatic conditions were selected (one sunny day and one cloudy day). SFI from the Eastern and Western sides (stem sectors with different water storage use) were compared to the stem diameter fluctuations at a height of 4 m (Fig. 6) . On the sunny day (August 10) diameter shrinkage was twice that of the cloudy day (August 11) -compare also daily loops in relationship between SFI and D for these days in Figure 5 . Diameter depletion in August 10 was characterized by a linear decrease, whereas diameter increase towards the next maximum showed two periods with different slopes. The intercept between these two rising trends coincides with the SFI evening maxima from the Eastern side, when daily transpiration stopped. From this moment onwards, root water absorption (plus possible use of storage from lower stem and large roots) was no longer affected by transpiration representing a net storage refill. This shifting moment is usually difficult to distinguish from records of diameter fluctuations alone, but it is well defined by the evening maximum of SFI. Although predawn SFI in Aug. 11 was a bit higher than in Aug. 10, after a hot sunny day, daily storage use (marked by grey horizontal line in Fig. 6 ) was lower in the cloudy day due to lower evaporative demand. The lower storage use in the cloudy day, directly visible by the smaller daily loop in the relationship between SFI and D (see Fig. 5 ), is also evidenced through SFI records alone: lower daily depression of SFI, lower SFIp/SFId ratio (1.79 on Aug. 11 against 2.00 on Aug. 10), and 1 hour shorter time interval between daily SFI maxima on Aug. 11 (see Fig. 6 ).
Scots pine tree
In the pine tree, the best fit between the daily dynamics of SFI and D was observed at a height of 24 m, i.e., closer to the tree top (Fig. 7) . There was a clear direct proportionality (R 2 = 0.91) between daily SFI and diameter depletion between the two daily SFI maxima, and a reverse relation during nighttime refilling and growth (Fig. 7b) . Similarly to Douglas fir (see Fig. 6 ), the onset of pine storage refilling occurred at the evening SFI maxima when the rate of diameter increase changed (see thin arrows in Fig. 7) . The evening rain (Aug. 14) refilled stem tissue fast, as reflected by the quick decrease of night SFI values till zero. Differences in night tissue rehydrating are not evident from diameter fluctuations alone. We can also observe different night periods, between SFI maxima, even in similar days with full stem tissue rehydration by rain in evening (Aug. 14) or at night (Aug. 16): the evening SFI maximum recorded at 19:27 on Aug. 14 and at 21:51 on Aug. 16, whereas the morning SFI maximum in the following days occurred at 10:58 (Aug. 15 likely due to fog) and at 8:35 (Aug. 17). Larger night periods between SFI maxima (Aug. 14 and Aug. 15) facilitated higher stem growth, in correspondence with earlier findings, showing that wet conditions result in an increase in midnight diameter (Offenthaler et al., 2001; Sevanto et al., 2005) . SFI results at only one measured depth (0.8 cm below cambium) were analyzed here, but SFI trends in all five measured xylem layers was similar in the top of the pine tree where the xylem radius was small (7 cm). Differences were only observed in the magnitude of SFIp/SFId ratio which was lower for the inner stem xylem at the 3 and 3.6 cm depths.
When daily dynamics of sap flow, D and SFI of the observed period (see Fig. 7 ) were superimposed, a progressive increase in sensitivity (higher in SFI) of the measured parameters to changes in environmental conditions was observed (Figure 8 ). The relationship between SFI and D substantially differs between the small pine stem (Figure 7b, lower panel) and the huge stem of Douglas fir (see Fig. 5 ), mostly due to differences in species and tree size, as environmental conditions were similar (very hot) in both cases. No daily loops in storage depletion were observed in the pine tree, in contrast with Douglas fir. Due to very dry soil and hot weather conditions, high water deficits occurred in pine stem tissue (high night SFI and SFI ratio) before rain, reflected in low, zero or even negative night diameter increments which correspond to pattern 3 of dimensional changes in tree (only tissue rehydration - Hinckley and Bruckerhoff, 1975; Lassoie, 1979) . More recently, a different terminology has been used to describe daily cycles of stem diameter variations, also divided in three phases: contraction (1), recovery (2) and radial increment (3) (Deslauriers et al., 2003 (Deslauriers et al., , 2007 (Deslauriers et al., , 2011 Devine and Harrington 2011; Downes et al., 1999; Vieira et al., 2013) . This new approach aims to facilitate the analyses of large dendrometric datasets. The SFI chain diagram (see Figs. 5 and 7) , may be a fast and easy way to distinguish the positive, zero or negative radial increment phases (Figure 7b ). To our knowledge, SFI measurement is the only technique that allows to identify the time when storage usage ends and stem refilling begins (see Figs. 6 and 7a) .
Results of the two analyzed conifers, of very different sizes, show that the relation between daily SFI depression and diameter shrinkage is stronger in smaller trees (pine) or at top of large trees.
Spruce tree
The diurnal trend of SFI was also similar in all xylem depths of a young spruce tree (10 years), where the HFD multi-point needles crossed the whole stem from the western to eastern side ( Figure 9 ). But the level of water use from xylem storage was different from the Eastern to Western side of the tree, based on the SFIp/SFId ratio. According to the SFI records (which were never zero) the stem cross-section consists entirely of water conducting xylem or sapwood, with no heartwood. The correlation between SFI and D daily variations was lower than in pine, but still substantial (R 2 = 0.52). We should emphasize that in the pine tree both SFI and D were measured at the same stem side, whereas in spruce measurements were taken from different sides (east-west for SFI and north for D). This may possibly explain the lower correlation between studied parameters in spruce. Perämäki et al. (2001) and Zweifel et al. (2001) did not find differences in diameter variation between azimuths in the same tree, indicating fairly homogenous transpiration-induced pressure field inside the stem. Conversely, Sevanto et al. (2008) showed that differences in measurements of D at different azimuths can be significant if the tree crown or stem is asymmetric. In our case, the spruce tree had a symmetric crown, but was growing in a yard surrounded by walls at three cardinal points (north, east and south) which potentially could induce different water status at different tree sides.
In our rather short studies (several weeks), with synchronous measurements of SFI and D presented above (Douglas fir and pine), only growth (pattern 1 - Hinckley and Bruckerhoff, 1975; Lassoie, 1979) was never recorded because nighttime tissue rehydration was needed to restore storage used in daytime transpiration under hot sunny weather. However, this pattern can be observed after cloudy days with low transpiration, when water storage use does not occur and tree growth can take place during night without preliminary storage refilling. As we have been measuring sap flow and diameter fluctuation in spruce for a long-term (March 2013 till now), we chose it to present a period with cloudy days followed by improved weather (Fig. 9) . Indeed, in the first three cloudy days (when neither D depletion,or typical SFI McDonnalds curves occurred) we observed night pattern 1 (only growth), followed by pattern 2 (tissue refilling plus growth) at nights after sunny days with diameter depletion between the two SFI maxima. 
Cork oak trees
Contrary to what was observed in pine and spruce trees, SFI in large cork oak trees varied substantially between xylem layers (Fig. 10) . Hence, the SFI may also provide insight into the relative magnitude and timing of the contribution to transpiration of water stored in different sapwood layers. Fig. 10 shows the variation in sap flow (SFS) and SFI from cambium to inner xylem (6 measuring points across the sapwood radius) of a cork oak tree stem (tree #1). The highest sap flow rates were observed in the outer xylem (6 and 16 mm below cambium), which contributed to the higher amounts of used stored water (higher SFI ratio and higher time intervals between the two SFI maxima). The contribution of water storage to transpiration should decrease towards the inner xylem. An asynchronicity in the use of water stored in different xylem layers may suggest this and/or their connection to different foliage cohorts.
Moreover, SFI also provided information on nighttime storage refilling, as illustrated in Fig. 10 , for two contrasting nights. During the first night (March 29), SFI was very high (especially in the outer xylem layers) due to nighttime transpiration (high wind velocity). In the following night (March 30) SFI was lower, due to lower wind velocity and higher air humidity, and refilling was gradual. Immediately before predawn, fast tissue replenishment mostly in the outermost xylem layers was observed, due to sudden high air humidity occurrence. Results show that SFI has a greater sensitivity than sap flow rates (SFS) at low flows.
When multipoint HFD needles are installed in different stem azimuths, SFI may also provide information on the use of water stored in stem sectors. In another cork oak tree (tree #2) sap flow was measured at south-east and north-west azimuths (Fig.  11) . Maximum flow was of the same magnitude at the SE and NW azimuths, with higher flows in the outer xylem. Flow peaked in the morning at the SE side, and in the afternoon at the NW side, reflecting sun positioning and the high sectoriality of the Q. suber tree (David et al. 2012) . Accordingly, the afternoon SFI maximum occurred later at the NW side. The dynamics of SFI along the xylem radius, showed higher use of stored water and greater depletion in the NW than in the SE stem side. In spite of the rather similar sap flow values observed on Aug. 26 and Aug. 27, SFI substantially differed, indicating higher storage replenishment on Aug. 26, after a cloudy rainy day (Aug. 25). On this day, the use of stem water storage was very low (see lower and shorter daily SFI depression). Furthermore, the foggy weather in the morning of Aug. 26 sharpened the decrease of SFI in all sides what was not visible on SFS itself. As we see from Fig. 11 , stem sectoriality (see David et al., 2012) may substantially influence circumferential and radial SFI variation.
Diurnal tree size fluctuations were thought to occur mainly in the elastic bark tissues, external to the rigid xylem (Arcikhovskiy, 1931; Hinckley and Bruckerhoff, 1975; Lassoie, 1979; Zweifel et al., 2000) . Irvine and Grace (1997) demonstrated that the sapwood may also contribute to stem dimensional changes. Recently Zweifel et al. (2014) found, that diurnal size fluctuations of the rigid xylem in fast growing Eucalyptus globulus Labill are the main driver of total stem diameter changes. The authors connected their findings with the high wood elasticity of secondary thickening xylem. Other authors reported that most of the stored water comes from inelastic sapwood (Čermák et al., 2007; Waring and Running, 1978 ) -so called extracellular or capillary water. Holbrook (1995) stated that this "free" water could represent a substantial fraction of water in trees. To our knowledge, nothing is known on how different xylem layers may contribute to stem water storage and on its use. Thus, our empirical studies represent a first insight on possible redistribution and variable dynamics of the stored water in stem xylem, needing further confirmation by other independent measurements.
CONCLUSIONS
Comparative studies of SFI and D in stems of different species and tree sizes confirmed the ability of SFI to follow the patterns of daily stem water storage used in transpiration. Analysis of SFI in different trees showed that the period between the two daily SFI maxima and the corresponding SFI daily depression are usually larger in the outer xylem (where also higher sap flow rates occur) compared to the inner xylem.
Radial and circumferential variations of SFI were observed, with higher differences in large stems. The use of the HFD method with sensors inserted at several depths in the stem sapwood proved to be an important tool to analyze the impact of different xylem layers and different stem sectors in the use of the stem water storage.
